A key challenge in the sustainable management of freshwater is related to non-stationary processes and transboundary requirements. The assessment of freshwater is often hampered due to small-scale analyses, lacking data and with the focus on only its provision. Based on the ecosystem service (ES) concept, this study aims at quantitatively comparing potential water supply with the demand for freshwater in the European Alps and their surrounding lowlands. We propose an easy-to-use combination of different mapping approaches, including a large-scale hydrologic model to estimate water supply and the downscaling of regional data to the local scale to map demand. Our results demonstrate spatial mismatches between supply and demand and a high dependency of the densely populated lowlands from water providing mountain areas. Under expected climate variations and future demographic changes, our results suggest increasing pressures on freshwater in the south of the Alps. Hence, sustainable water management strategies need to assure the supply of freshwater under changing environmental conditions to meet the increasing water demand of urbanized areas in the lowlands. Moreover, national water management strategies need to be optimally concerted at the international level, as transboundary policies and frameworks can strengthen future water provision.
Introduction
In many parts of the world, mountains play an indispensable role in providing water for households, irrigation, hydropower production and other uses [1] [2] [3] [4] . When focussing on Central Europe, it is the Alps with its apparently inexhaustible water resources, with an environmental, economic and cultural importance beyond measure [5] , that provide water resources not only for the mountain regions but also for the surrounding lowlands [6, 7] . Therefore, Alpine water management strategies potentially affect an important part of Europe. For the long-term protection of water resources, a transboundary approach is needed to ensure the sustainable use of water resources as well as the protection of vital ecosystems enhancing water quality [8] and mitigating the impacts of global change on water resources and related benefits [9] .
The EU Water Framework Directive (Directive 2000/60/EC) aims to address the challenge of reaching a good ecological and chemical status for surface and groundwater through River
1.
To provide a robust methodology to assess the demand and supply of freshwater using simple and openly available data, 2.
To quantify supply and demand of freshwater for the entire Alpine Space area under current conditions, and 3.
To estimate impacts of expected future climatic variations and demographic changes on water supply and demand.
We mapped the water supply utilizing a large-scale hydrologic model, whereas the demand for freshwater was based on freely available datasets at European level. By overlaying the resulting maps, we analysed spatial relationships between supply and demand. Based on future scenarios regarding changes in precipitation patterns as well as demographic changes, we assessed the potential implications on water supply and demand until the end of this century. 
Materials and Methods

Study Area
The study area corresponds to the area of the Alpine Space programme [26] , which covers an area of 390,000 km 2 and includes the European Alps with its foothills and surrounding lowlands ( Figure A1 in Appendix A). The Alpine Space area comprises Austria, Liechtenstein, Slovenia and Switzerland completely as well as the Alpine regions of Germany, France and Italy. The mountainous core zone is mainly covered by natural and semi-natural ecosystems including forests, managed and natural grasslands, rocks and glaciers, whereas the landscape of the surrounding lowlands is characterized by intensive agriculture and urban agglomerations [27] . While the Alpine space area is home to almost 70 million people, living mostly in great urban agglomerations in the lowlands, the Alps represent one of the most important tourist areas globally.
To characterize the climatic conditions and account for the differing hydro-meteorological conditions of the Alps, a differentiation between four sub-regions has been made: (a) the northwest, (b) the northeast, (c) the southwest and (d) the southeast [28] . The central Alpine chain is the most clearly distinguishable climate border, where cloudiness, sunshine, precipitation, temperature and air pressure cohere. A second continental-scale climate border could be anticipated between (western) oceanic influences of the Atlantic and (eastern) continental features of the Eurasian continent [6, 28] . Precipitation is high in the north and southeastern region, reaching 1500-2700 mm/year, while relatively low in the South-West 500-950 mm/year, while average yearly temperatures range from −6 • C within the high Alps to 14 • C in the southern foothills [23] . The Alps are widely known as the "water towers of Europe", which is due to the abundance of water resulting from an uplift and subsequent cooling of air, which turns into precipitation. The lower rate of net radiation, low temperatures, the melting water from snow and ice, and the short vegetation period result in low evapotranspiration and high annual runoff [6] .
Mapping Current Water Supply
The supply of freshwater is the provision of water by ecosystems, regardless of its actual use, referring to a specified period of time [29] . We used the water yield model from the InVEST toolbox (Reservoir Hydropower Production model) [30] to assess the water provisioning capacity within the study area, estimating the annual average quantity of water produced per year and hectare and reported at municipality level.
The InVEST water yield model allows to estimate annual water yield from a catchment. The choice for the InVEST model was based on a compromise between model complexity, computational effort and performance on large scale [31, 32] . As such, previous studies suggest that the InVEST model is best used on regional to transnational scales [33] . Moreover, the catchment sizes were parameterized at regional scale, as uncertainties could not be reduced by refining the scale [32] .
The model estimates the total annual water yield as the difference between total catchment annual rainfall and total catchment annual actual evapotranspiration at each cell of the underlying raster grid and for every catchment in the study area [30] . Thereby, the assumption is taken that all rainfall minus the evapotranspiration is leaving the catchment and no distinction between a surface and a subsurface flow is made. The model is based on Budyko's curve, describing the partitioning of precipitation into evapotranspiration and runoff and follows a simple evapotranspiration/potential evapotranspiration scheme [34] . Measurements of annual actual evapotranspiration at catchment scale are an extremely intensive task. These measurements require highly specialised equipment at plot scale and even more uncertainties arise at landscape scale [35] . To minimise the impact of these unknown, the InVEST model relates actual evapotranspiration to potential evapotranspiration following Budyko's approach [30] .
The InVEST model requires five biophysical parameters as georeferenced raster datasets. These are root restricting layer depth (mm), plant available water content (AWC, as a proportion), average annual Sustainability 2019, 11, 1131 4 of 16 precipitation (mm), average annual potential evapotranspiration (PET, mm) and land use/land cover (LULC). The datasets were obtained from a variety of sources (Table 2) . Nonetheless, one challenge of this study was for the data to be obtainable without restrictions and free of license to ensure reusability by potential decision makers.
The model was parameterized by comparing it to the "Observation-based map of mean runoff" data, which was built to parameterize large-scale models [36] . To measure the statistical quality, regressions were calculated as well as the root mean squared errors. This global dataset was compiled from four sources, whereas in Europe runoff data was aggregated from the Global Runoff Data Centre (GRDC)-database [36] . Assuming that the mean annual volumetric discharge difference between a station and its upstream neighbour represents the mean annual runoff that is generated in the interstation region, it is well suited to spatially evaluate macro-scale hydrological models [36, 37] . After carrying out a sensitivity analysis to define the influence of the input variables, the model was calibrated by the mean annual hydraulic conductivity, describing water uptake of biomass.
Furthermore, as it was difficult to determine empirically an annual mean of this seasonally dependant variable, the model was started by estimating this value from leaf-area index (LAI) [38, 39] and parameterized on behalf of this value. LAI characterizes the area of green leaf per unit area of ground surface and was obtained from MODIS (Moderate Resolution Imaging Spectroradiometer) Terra Leaf Area Index product. Where monthly LAI ≤ 3, monthly Kc values were derived as LAI ÷ 3; where LAI > 3, LAI values were derived from FAO tables [39] . To get annual Kc Values, a mean value was calculated.
To account for the different climatologic circumstances, we used four climatological sub-regions ( Figure A1 in Appendix A), following the concept of coarse resolution regionalisation [28] . For each climatic region, the model was parameterized and individual model runs were started. The model was run within Python from R.
The model is sensitive to precipitation input [40] . As uncertainties in precipitation values are highest in the Alpine region in most data, the Alpine-specific precipitation maps of HISTALP (Historical Instrumental Climatological Surface Time Series of the Greater Alpine Region) were chosen as an input (Table 1) . 
Mapping Current Water Demand
The demand for freshwater represents the amount of water that is required (or desired) by society and is often measured by the direct use [45] . The Alpine-wide map was based on water statistics from Eurostat, the statistical office of the European Union [46] . The data is described as "yearly data on freshwater resources, water abstraction and use" and is updated every two years. These datasets were collected by national statistical institutes, then validated and merged by Eurostat [46] and provided to the European Data Centre for Water (WISE). As these data are only available at the regional scale, see level 2 of the nomenclature of territorial units for statistics (NUTS 2) defined as "basic regions for the application of regional policies" [47], we downscaled the data to municipality level using touristic and demographic data. We allocated the water abstraction for public use to tourism occupancy rates and population data at the municipality level. As such, the tourism occupancy rates (overnight stays in hotels) were converted to "permanent resident equivalent" [48, 49] before being added to the number of residents within a municipality, representing the potential freshwater consumers. The dataset "Annual fresh water abstraction by source and by sector and other sources of water" was downloaded using the Eurostat R Package [50] . We filtered the data for the countries and NUTS-2 regions of the study area as well as for households and the tertiary sector. For Austria and Germany, the reference year was 2010, while France and Italy had data available for 2012 and Slovenia's data is from 2013. The dataset for Switzerland is not delivered in the European statistics and was derived from the provided dataset of Federal Statistical Office of Switzerland for the reference period of 2011 [51] .
Future Scenarios
Although the strong topographic variability of the Alps adds a high complexity and uncertainty to climate predictions in the Alpine region [52, 53] , many regional climate models (RCMs) agree on a dipolar north-south precipitation pattern with an increase of annual precipitation in Northern Europe and a decrease in Southern Europe [53] [54] [55] . To cover possible precipitation changes for the time period 2070-2100 for a moderate emission scenario (RCP4.5), we initiated a InVEST water yield model run where the HISTALP precipitation model input (Table 1) was adapted for an increase of 10% in the two climatological sub-regions in the northwest and the northeast and a decrease of 10% in the southwest and southeast [55] . We could not implement a change in evapotranspiration due to future land-use/land-cover changes, as no such dataset was available at the required spatio-temporal scale. However, recent publications indicated that only minor changes in the annual discharge can be expected [56, 57] .
Eurostat prognoses a population increase of more than 17% in Austria in 2080 in comparison to 2015, and a small decrease of 6% in Slovenia [58] . Switzerland and Liechtenstein are not mentioned, while the big countries of Germany, France and Italy are not further subdivided into Alpine and not-Alpine areas and can therefore not be taken into consideration. The degree of urbanization in the European Union is predicted to increase and consequently the total population in urbanised areas but not in rural regions [53, 55] . Therefore, we assumed a moderate increase of 5% for cities with more than 120,000 inhabitants.
Spatial Analysis
To identify spatial clusters of high and low water yield classes, a Getis-Ord Gi* statistic using the spatial statistics extension of ESRI ArcGIS 10.4 was calculated [59, 60] . The Getis-Ord Gi* statistic calculates for each municipality a z-score, which allows to identify hot spots (municipalities clustered by high values) and cold spots (municipalities clustered by low values) within the context of neighbouring municipalities. All classifications applied in the maps were based on the mean values of significant hot and cold spots based on the hot spot analysis.
To visualize spatial mismatches between supply and demand at the municipality level, the discrepancy between the maps of supply and demand was computed by subtracting water use from water supply.
Results
Current Supply and Demand
The water supplies formed clusters in mountain areas (Figure 1 ), while municipalities in the lowlands had access to considerably less water. About 68% of all water supply within the Alpine Space area came from municipalities within the European Alps. The model performance was considerably lower in the north than in the south and the overall mean error rate for the different regions spanned from 10.2% to 17.7% ( Table 2) . The model mainly underestimated the actual observations for catchments of the model setups for the northern climate regions, in combination with large runoffs (Figure 2) .
The spatial pattern of the demand followed the large-scale topographic heterogeneities (Figure 1 ). Whereas the mountain areas were characterised by low values, the large urban agglomerations in the Alpine lowlands especially used large water amounts. 
Spatial Relationships
The hot spot analysis with Getis-Ord Gi* statistic confirmed the spatial clustering of municipalities with a significant higher water yield in the core of the European Alps providing large amounts of water, while the surrounding lowlands were characterized by smaller local water yields (Figure 3 ). Large hot spot areas within mountain areas indicated a positive autocorrelation between water supplying municipalities, while the cold spots refer to clusters of municipalities supplying less water. Accordingly, well-dispersed peaks of the probability distribution functions of the water supply emerged within the European Alps and the lowlands ( Figure A2 in Appendix A), indicating larger water provisioning capacities for municipalities in mountain regions compared to those in the lowlands. 
The hot spot analysis with Getis-Ord Gi* statistic confirmed the spatial clustering of municipalities with a significant higher water yield in the core of the European Alps providing large amounts of water, while the surrounding lowlands were characterized by smaller local water yields (Figure 3) . Large hot spot areas within mountain areas indicated a positive autocorrelation between water supplying municipalities, while the cold spots refer to clusters of municipalities supplying less water. Accordingly, well-dispersed peaks of the probability distribution functions of the water supply emerged within the European Alps and the lowlands ( Figure A2 in Appendix A), indicating larger water provisioning capacities for municipalities in mountain regions compared to those in the lowlands.
The supply-demand budgets at the municipality level for the Alpine Space area revealed the dependency of the densely populated lowlands from water providing mountain areas. While the largest cities already depend on water yield from surrounding areas to provide enough freshwater as consumed by their inhabitants, there is enough water yield in the remaining municipalities to supply the freshwater demanded by households and the tertiary sector, at least on an annual resolution, and not considering water used for agriculture (Figure 4 ). The supply-demand budgets at the municipality level for the Alpine Space area revealed the dependency of the densely populated lowlands from water providing mountain areas. While the largest cities already depend on water yield from surrounding areas to provide enough freshwater as consumed by their inhabitants, there is enough water yield in the remaining municipalities to supply the freshwater demanded by households and the tertiary sector, at least on an annual resolution, and not considering water used for agriculture (Figure 4) . The supply-demand budgets at the municipality level for the Alpine Space area revealed the dependency of the densely populated lowlands from water providing mountain areas. While the largest cities already depend on water yield from surrounding areas to provide enough freshwater as consumed by their inhabitants, there is enough water yield in the remaining municipalities to supply the freshwater demanded by households and the tertiary sector, at least on an annual resolution, and not considering water used for agriculture ( Figure 4 ). 
Future Trends
Under the assumed scenarios, the north-south discrepancy of the rainfall pattern becomes apparent, increasing water stress in the south while potentially soothing water stress in the north ( Figure 5 ). Water yield in the north will increase but decrease in the south. Additionally, the increased water demand of the urban population will lead to increasing water stress of the southern lowlands. In contrast, northeastern cities like Munich and Vienna are potentially decreasing water stress, not considering issues of water quality. In summary, it becomes apparent that under the assumed scenario the southern water stress issues worsen while the northern water stress could potentially be limited. apparent, increasing water stress in the south while potentially soothing water stress in the north ( Figure 5 ). Water yield in the north will increase but decrease in the south. Additionally, the increased water demand of the urban population will lead to increasing water stress of the southern lowlands. In contrast, northeastern cities like Munich and Vienna are potentially decreasing water stress, not considering issues of water quality. In summary, it becomes apparent that under the assumed scenario the southern water stress issues worsen while the northern water stress could potentially be limited.
Figure 5.
Expected changes in water budget under the assumed future scenario: increasing water demand due to a 5% population increase and changing water supply when annual mean precipitation is increasing by 10% in the north and decreasing by 10% in the south.
Discussion
Spatial Dependencies of Freshwater and Future Trends
In line with other studies [1] [2] [3] 6] , our results emphasise the importance of mountain areas in the supply of freshwater not only for the local population but especially for the people in the surrounding lowland regions. As such, the biggest agglomerations such as Vienna, Milan, Marseille, and Munich, are dependent on the water supply and, hence, vulnerable to change in water resources quantity and maybe water quality in the European Alps. This dependency has huge management implications, ranging from the local to the cross-national level; i.e. in mountainous municipalities, ecosystems need to be managed in a sustainable way to assure the long-term provision of freshwater also of the whole watershed that may extent over more than one country. This is of particular importance in the light of climate change [2] . To meet the water demands of the urbanised areas in the lowlands, managers operate the distribution of the water at regional scales [6] . Moreover, the Alps extent over several countries, thus national water management strategies need to be optimally concerted internationally, as transboundary policies and frameworks can strengthen future water provision [61] .
At the current situation, important quantitative freshwater depletions are not to be expected on an annual time scale. When considering future climate changes in the next 100 years, the situation of Figure 5 . Expected changes in water budget under the assumed future scenario: increasing water demand due to a 5% population increase and changing water supply when annual mean precipitation is increasing by 10% in the north and decreasing by 10% in the south.
Discussion
Spatial Dependencies of Freshwater and Future Trends
At the current situation, important quantitative freshwater depletions are not to be expected on an annual time scale. When considering future climate changes in the next 100 years, the situation of water availability is likely to deteriorate and sustainable water management is required to avoid socio-economic conflicts and scarcity situations [4, 19, 62] . By including scenarios of demographic and environmental change, the presented approach can act as a powerful tool to assess future trends in water supply and demand. In line with other studies [7, 9, 17, 19] , our results suggest that in the southern parts of the European Alps water stress will be an increasing issue, while the northern parts are less likely affected by water scarcity. Despite increasing pressure on freshwater provision for domestic use, water scarcity has wide-ranging impacts on agriculture and industry [4, 19, 63] and affects many other ES, which are related to the availability of precipitation or stored water, such as erosion control, forage production, flood mitigation [9, 25] . These ES are not only influenced by the total amount of available water, but they are greatly affected by the intensity of extreme events that are likely to occur more often and with higher intensity in the future [64] .
Methodological Considerations
The proposed method facilitates a transboundary comparison between supply and demand of freshwater, enabling the analysis of potential impacts of increased social demand as well as negative effects on ecosystems [65] . By processing openly available information with InVEST and R, we were able to derive inherent knowledge from freely available information. As water managers need to fully grasp the impacts of a large range of decisions on water, they need specific tools that simplify the communication across a large range of disciplines. The balanced combination of administrative capacity and specialized expertise supports advancing the sustainable management of water resources and interdisciplinary approaches displaying ecological, economic and social aspects of the information improve the overarching communication with different stakeholders [8] . The approach is particularly suitable for scenario assessment, including climate variations as demonstrated in this study. Disentangling the water system into supply and demand components in a spatially delineated way allows management to quickly assess potential impacts on the delivery of ES for the water-depending population. Thus, the resulting maps, visualising complex interactions, are highly important as a supporting tool in sustainability assessments and integrative planning [21] . Furthermore, this approach allows for comparability with other ES. In future studies, the mapping and assessment of multiple ES in the supply and demand concept, enables an integrative assessment of mismatches between ES and management options [27, 66] . For example, it can be assumed that large parts of the European Alps have a larger positive influence on the nexus with more ES, than only the water-related ones [27] . Alpine ecosystems play a significant part in the area and can, for example, positively influence cultural values also of the lowlands [48, 67] .
However, there are several limitations that should be addressed in future research and for more specific analyses. Although the annual assessment of water supply in our approach guarantees the comparability with the water demand, the temporal resolution for the water supply model might in some regions not be sufficient for ecological considerations as pointed out by Hallouin et al. [65] ; for example, to assess the occurrence of drought events and water scarcity in the European Alps, which is often restricted to short time periods and small distinct areas, in particular in the southern and southeastern parts of the Alpine range [6] . Furthermore, the complexity of the terrain raises uncertainties in daily or monthly streamflow models, increasing the demand for computational resources, and thus challenging the utility for water resources managers [33] . Like the majority of precipitation runoff models [68] , the InVEST water yield model does not include glacier melt. Although periods of glacier mass loss can lead to increased glacier runoff in the short-to midterm and effects of glacier shrinkage are extremely variable depending on the degree of current glaciation, in highly glaciered catchments this may result in a reduction of the annual runoff volumes of up to 40% by the end of the century [69] .
Given the large spatial extent and the transnational setting of the Alpine Space area, we defined parameter sets for four major climatic regions and consolidated the water supply model to the municipality level allowing the direct comparison with the water demand. Nonetheless, limitations exist for in-depth analysis below municipality level. Guswa et al. [70] argued that for impact studies of land management on water resources, the hydrological model needs to be able to include this heterogeneity. The accurate representation of the spatial distribution from water use to water supply and abstraction site by means of water stream routes and water pipes is not possible at a scale other than local. However, at the transnational scale, this task represents a research gap that would need to be filled by installing international databases. Consequently, the results here need to be used with caution, as the produced maps might mask the complexity of underlying processes [71] .
For assessing future impacts, we could not include LULC scenarios, but future assessments, especially on long-term effects, should consider these changes, as vegetation generally plays a significant and dynamic role in determining catchment evapotranspiration [72] . Consequently, the hydrological regime will be affected. Siriwardena et al. [73] showed that past LULC changes increased the annual runoff by approximately 40% when forest vegetation was reduced from 83% to 38% of the total area in a large catchment in Central Queensland, Australia. However, expected LULC changes for the Alpine Space area until 2100 are much smaller. LULC changes during the last century consisted mainly in the abandonment of alpine grassland and subsequent but slow reforestation [74, 75] . Although natural reforestation processes have already led to an increase in forest area and past LULC changes will have further effects in the future [76, 77] , differences in evapotranspiration by changed vegetation are often masked by other major climate driven factors such as snowmelt and increased glacier discharge [56] . Moreover, future LULC changes are expected to be of minor magnitude compared to past dynamics in many parts of the European Alps [78] [79] [80] . Climate change may also alter the spatial distribution of LULC leading, for example, to an upshift of the treeline, however, a significant increase in forest area due to temperature changes will take up to 700-800 years [76] .
Water availability is not only a matter of water quantity but also of water quality, and many development countries have water scarcity problems not because of quantity but rather due to insufficient water quality [81] . Here, water quality is not being accounted for; the lack of available data for calibrating a pollutant transport model at this scale dissuaded us from including the quality element in the analysis even though potentially having a large impact on water resource availability. This might overestimate water supply if parts of the water mapped as available might actually be below quality standards for freshwater. However, important lessons might be learned, for example that growing water demand might be a bigger challenge than decreasing water availability. As such, it could be shown that a demand and supply approach with regional water coordination efforts and transfer solutions could potentially mitigate climate change impacts in water-sensitive regions of the Alps.
Previous literature emphasised the difficulties of assessing water demand across boundaries due to discrepancies in the definition of household water demand or uncertainties in the definition of related indicators [82] , and no datasets exists for single households [22] . Water is provided in a decentralised manner and often data on water supply and network losses are not openly shared [22] . Therefore, we downscaled the water demand from regional datasets. Nevertheless, data on water abstraction rates and consumption should become more accessible to overcome and improve the management of water resources.
Conclusions
We were able to show an effective approach to visualize water supply, demand and de facto use in a spatially explicit manner. Our results can support the implementation of spatially explicit, basin-wide practices, in order to conserve and use water more efficiently in an integrated approach.
As such, we demonstrate that with simple means and freely available tools and data, it is possible to develop water budgets on large scales. One of the main advantages is that with only three maps a cross-boundary assessment and linked effects can be visualized. Through open-data collection we improved basic knowledge of the whole system which supports decision-makers on adaption management. Integrated water management needs strategies that go beyond country boundaries to be effective. On a transnational scale, our results indicate where sources and main water-consuming areas are located. This allows, through an easy and quick visual assessment, the evaluation of the spatial variability for water management. Cross-sectoral considerations, ES, pressures from land use, transfer efforts, and through this, nature conservation and land cover management can thus be coordinated in a climate change adaptation effort.
Future research needs to account for the water usage of industry and agriculture, as these sectors are major consumers. The seasonal differences in supply might need to be combined with seasonal changes in demand. Lastly, the spatial mapping approaches would greatly profit if they could be represented on several scales, including also a finer resolution and smaller extent, to enhance practical management at the farm or landscape scale. 
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